Research is needed by global change scientists on how global vegetation biomes respond to ongoing climate warming. To address this issue, we selected study sites with significant climate warming for diverse vegetation biomes, and used global gridded temperature and remote sensing data over the past 32 years . The results suggested that climate warming in areas above approximately 60 • N is relaxing the heat-constraints on vegetation activity, thus promoting plant growth; whereas, in mid to low latitude areas, ongoing climate warming probably imposes negative impacts on vegetation biomes through drought and heat stress. Understanding these potential effects is important for planning adaptation strategies to mitigate the impacts of climate warming, particularly for agro-ecosystems.
Introduction
Over the three decades since the 1980s, the earth has experienced significant ongoing climate warming, as well as a greening trend [1] [2] [3] [4] [5] [6] . Interestingly, both are associated with human-induced elevation of atmospheric CO 2 concentrations [2, 4] . But what are the interactions between climate warming and earth greening? Earth greening implies that the capacity of the biospheric carbon pool is being boosted because of enhanced vegetation photosynthetic activity [7] , which might be expected to mitigate the magnitude of climate warming and its associated negative effects on the earth system [1, 3] . On the other hand, climate warming directly impacts the dynamics of the terrestrial vegetation biomes by increasing the frequency, duration and severity of drought and heat stress [8] [9] [10] [11] , while other studies have suggested that climate warming tends to relax temperature constraints for plant growth [12, 13] . Many studies assume that plants have an optimal threshold for growth and reproduction [14] , suffering cold stress when temperatures are below this threshold, and heat stress when above [15] . Accordingly, we can deduce that when the in-situ temperature is suboptimal, climate warming may relax the temperature constraint for plant metabolism and promote its growth, while supraoptimal temperature conditions and the accompanying rise in the vapor pressure deficit and evaporation may damage the plant's cellular tissues [8, 16, 17] . Here, we ask: what have been the responses in diverse vegetation biomes to ongoing recent climate warming? The objective is to provide insight into these issues through exploring vegetation behavior in representative warming places across diverse global vegetation biomes.
Materials and Methods
The dynamics in global vegetation biomes over the time period from 1982 to 2013 were monitored by an improved Normalized Difference Vegetation Index (NDVI3g) data set [18] . This NDVI3g time series was produced by Advanced Very High Resolution Radiometer (AVHRR) instruments with a 15-day maximum-value composite (MVC) NDVI from July 1981 through December 2013 at 8 km resolution. We obtained this data set from the Ecological Forecasting Lab at the NASA Ames Research Center (http://ecocast.arc.nasa.gov/data/pub/gimms/). World vegetation biomes were mapped at 1 km resolution Moderate-resolution Imaging Spectroradiometer (MODIS) land cover data (MOD 12Q1), openly available through NASA's LAADS/DAAC system (https://ladsweb.nascom.nasa.gov/). These biomes comprised evergreen needleleaf forest (ENF), evergreen broadleaf forest (EBF), deciduous needleleaf forest (DNF), deciduous broadleaf forest (DBF), mixed forests (MF), shrublands (SHR), woody savannas (WSA), savannas (SAV), grassland (GRA) and croplands (CRO) as defined by the classification system of the International Geosphere-Biosphere Program (IGBP). Global 0.5 • -gridded monthly air temperature data (V4.01) for 1982-2013, generated by the Center for Climatic Research Department of Geography, University of Delaware (https://www.esrl.noaa.gov/psd/data/gridded/ data.UDel_AirT_Precip.html), were used to identify representative warming places.
To explore the interaction between climate warming and vegetation biome activity at an inter-annual time scale, the 15-day MVC NDVI values were summarized by selecting the maximum value for each month and then averaging these monthly NDVI values, along with monthly air temperatures, to yearly NDVI and mean annual temperature (MAT), respectively. Representative warming places were identified by a two-step procedure that first selected places with a significant positive MAT trend (that is a positive linear trend with p < 0.01). Their increase in MAT (+MAT) was then calculated, and study sites for the various vegetation biomes were selected from within the 90th percentile of the frequency distribution of +MAT. These procedures were designed to select sites with a magnified effect of climate warming on vegetation activity.
Results
Since the 1980s, areas with significant warming have covered approximately 40% of the earth's landmass ( Figure 1 ). Areas of +MAT less than 0.5 • C accounted for <5%, while >95% of climate warming areas had increases >0.5 • C. For the southern hemisphere, the +MAT varied from 0.5 to 1.5 • C, and a considerable area had increases of 0.5-1.0 • C. In contrast to the latitude band 0-40 • S, the +MAT for 0-40 • N varied from 0.5 to >2.5 • C, and a considerable area had increases >1.0 • C. It should be noted that the most significant warming mainly occurred in non-vegetated areas located in Chad, Saudi Arabia and Iran. For the latitude band >40 • N, most areas also experienced significant climate warming with +MAT varying from 1.5 to >2.5 • C, and noticeably, areas of >60 • N had increases >2.5 • C. Overall, the rate of climate warming progressively increases from the southern hemisphere to the mid-low latitude region of the northern hemisphere, and then to the high-latitude region of the northern hemisphere.
Under the classification system of the IGBP and MODIS land cover products, the largest biome of the earth is grassland (WSA, SAV and GRA), with an area accounting for 27.74%, followed by forest (21.45%), shrub (19.96%), and crop (8.5%) ( Table 1) . Over the past three decades, the overall +MAT for vegetation biomes is 0.74 • C for shrub, 0.57 • C for grasslands, 0.49 • C for crop, and 0.38 • C for forest. For our selected study sites (Figure 2) , those within the 90th percentile of the increment of MAT, the +MAT is >3. Table 2) . For ENF, vegetation activity was not sensitive to temperature change (p > 0.1); DNF and DBF initially responded positively to elevated temperatures, but soon afterwards reached a stable state, and are no longer responding positively to temperature changes. We argued that current temperatures are no longer a dominant constraint factor for these biomes, but fortunately no marked decrease in activity is occurring. In contrast, CRO photosynthetic activity has declined significantly since 1990. However, SAV, MF, SHR, WSA and GRA have responded significantly positively to elevated temperatures (p < 0.001). Perhaps climate warming is relaxing heat constraints on vegetation activity in these biomes.
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The response of vegetation to climate warming varied among biomes ( Figure 3 ) ( Table 2) . For ENF, vegetation activity was not sensitive to temperature change (p > 0.1); DNF and DBF initially responded positively to elevated temperatures, but soon afterwards reached a stable state, and are no longer responding positively to temperature changes. We argued that current temperatures are no longer a dominant constraint factor for these biomes, but fortunately no marked decrease in activity is occurring. In contrast, CRO photosynthetic activity has declined significantly since 1990. However, SAV, MF, SHR, WSA and GRA have responded significantly positively to elevated temperatures (p < 0.001). Perhaps climate warming is relaxing heat constraints on vegetation activity in these biomes. 
Discussion and Concluding Remarks
Temperature is a dominant climatic factor in regulating the dynamics of vegetation biome activity [11, 13, [19] [20] [21] [22] 23] . To amplify the effect of elevated temperatures on vegetation activity within a diverse set of biomes, study sites were specifically selected with more significant increments in MAT. The study sites for the MF, SHR, WSA and GRA biomes, which responded positively to ongoing climate warming, mainly occurred in areas of high latitude (>60° N) where the climate has 
Temperature is a dominant climatic factor in regulating the dynamics of vegetation biome activity [11, 13, [19] [20] [21] [22] [23] . To amplify the effect of elevated temperatures on vegetation activity within a diverse set of biomes, study sites were specifically selected with more significant increments in MAT.
The study sites for the MF, SHR, WSA and GRA biomes, which responded positively to ongoing climate warming, mainly occurred in areas of high latitude (>60 • N) where the climate has undergone relatively greater warming [24] . Study sites for the EBF, SAV and CRO biomes, which occupied lower latitude (<40 • ) areas, had more inconsistent results. This suggests that climate warming, which occurs at non-uniform rates along latitudinal gradients, is relaxing the heat constraint on vegetation activity in high latitude areas, whereas for low latitude biomes the heat constraint has probably been fully released already.
Elevated temperature can increase evapotranspiration rates, drought and heat stress [13, 14] , which in turn might be expected to increase mortality in forest biomes [12] . However, examination of the selected study sites suggests that forest biomes are more resistant than crops to elevated temperatures, probably because of differences in vegetation structure [25] . As for crops, climate warming has already had serious impacts on their growth. Consistent with our findings, Teixeira et al. [26] also suggested that cropping areas at high latitudes, particularly between 40 • N and 60 • N, were suffering heat stress. Accordingly, we emphasize the need to alleviate the impact of excess heat on crop production [27, 28] . The grassland biome in the Arctic, mainly dominated by tundra [29] , is also noteworthy. It has experienced more significant climate warming than other regions. Indeed, tundra may have the greatest positive response of all biomes on earth to climate warming, being vitalized by changes in phenology, enhanced vegetation activity and increased reproductive effort [30] .
Currently, scientists are devoting significant efforts to exploring the relative contribution to the greening of the earth of the many factors in the natural and social systems. Here, we have shown that vegetation activity in areas of high latitude may be experiencing a heat-constraint relaxation process, whereas in low latitude areas heat constraints have probably been released already. Further studies are expected to systematically consider other influential factors such as water availability, radiation, and CO 2 fertilization, as well as human disturbance, since all synergistically impact vegetation biome activity.
